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1. Abstract

We have proposed the highly scattering optical transmission (HSOT) polymer, and have applied it to a high
efficiency backlight for liquid crystal displays (LCDs). It is an important candidate for new various optical
devices. In the present work, the multiple scattering modeling simulation has been developed. Also the effect
of adjacent particles inside the HSOT polymer is demonstrated. It follows that the numerical calculation
considering the effect of adjacent particles has precisely reproduced multiple scattering phenomena inside the
HSOT polymer. This indicates that an optimal design of the illuminating property of HSOT polymer can be
conducted by applying the multiple scattering analysis developed in this paper.

2. Introduction

The HSOT polymer is a novel illuminating medium, where an incident light is converted into homogeneous
scattered light efficiently due to the internal heterogeneous structures. An LCD backlight using the HSOT
polymer, which showed twice the brightness of the conventional transparent one, has been produced.*®  In order
to use the HSOT polymer as a new optical source, one must optimize a number of issues, including those related
to shapes, materials, and internal particle conditions. The analyzing method in the present work enables us to
calculate the illuminating property of the HSOT polymer quantitatively using the multiple scattering modeling
simulation. The main objective of this paper is to investigate the behavior of multiple scattering characteristics
inside the HSOT polymer and to put on the basis for the optimal design method of a novel lighting source using
the HSOT polymer.

3. Multiple Scattering Modeling Simulation

A multiple scattering phenomenon inside the HSOT polymer is theoretically analyzed by the ray-tracing
simulation program using the Monte Carlo method based on Mie scattering theory®. It is widely recognized that
the Monte Carlo method alows us to resolve a number of physical issues with no immediate probabilistic
interpretation.  In this simulation program, a light scattering intensity profile and scattering efficiency of asingle

particle can be calculated by Mie scattering theory as follows:



A 0degree
|(a,m,0) = A%(i, +i,)/ 872 (1) o =69.2
12 o
K(em)= [FJZ (v + 1){av|2 - |bv|2} @) a=115
r v=1l
2 a=17

B i 2v+1 | PJ(cosh) ih, dP}(cos®)
siné do

) 3

i v+1 {bv Pvl(cose)+ del(cose)}

sing do

90 degree

_wv(ma)y, (o) - my, (ma)y, ()
yy(Ma)s, (a) — my, (Ma)gy ()
, , (4) .
_ My, (ma)y, (@) -y, (Ma)y, (@) Logarithmic scale 180 degree
my (ma)¢, (@) -y, (Ma)S (a)

1\

\
Figure 1 Calculated single scattering profiles by
Mie scattering theory.
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wherel (o, m, ) and K («, m) is the scattering intensity and scattering efficiency, « is the size parameter, misthe
relative refractive index between particle (ng) and matrix (ny), r is the particle radius, and 2 is the wavelength of
incident light in the matrix. P,*(cos#) is the Legendre polynomial, w, ¢ are the first two orders of the
Ricatti-Bessel functions. Shown in Figure 1 are the light scattering intensity profile data of a single particle that
isto say single scattering profiles. Notice that a forward directional scattering profile becomes predominant with
increasing « regarding scattering profiles in forward direction (0-90 degree) and backward direction (90-180
degree).
By the Monte Carlo method, expected photon pass length L and scattering angle & are defined as follows:
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Figure 2 A schematic diagram of modeling for

0 = F }(random?) (10) multiple scattering of HSOT polymer cylinder.

where o is the extinction constant, F(6) is the probability density distribution function of scattering angle.  n,(r)
is the particle concentration, f(1) is the probability distribution function of wavelength, random 1 and 2 are the
uniform random numbers generated between 0 to 1, and 1(6) is scattering intensity profile. A schematic diagram
of modeling for multiple scattering of HSOT polymer cylinder is shown in Figure 2.



4. Results and Discussion

A single scattering profile calculated by Mie scattering theory is
based on the assumption that there is only one particle as a
prerequisite for Mie scattering theory shown in Figure 3 (@), as
opposed to the actual scattering property inside the HSOT polymer
shown in Figure 3 (b).

Shown in Figure 4 are the data from measurement of scattering
profiles of the HSOT polymer cylinder at 633 nm. A commercialy
available scattering measurement system (Otsuka Electric Co.
DL S-7000) isemployed. In this experiment, the cylinder diameter is
designed in such a way that the average number of scattering points
may be approximately from 1.0 to 1.6 calculated by Mie scattering
theory. Due to this theoretical assumption, single scattering profiles
would be measured as the same one without depending on particle
concentration, whereas, as data indicate, measured scattering intensity

appears to increase with increasing particle concentration. It follows
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Figure 3 A schematic diagram of
modeling single scattering profiles.
(@) is indicative of the Mie scattering
theory and (b) is of the HSOT polymer.

from this that effects of adjacent particles depending on particle concentration have been observed in measured

scattering profiles, as has been considered in the modeling shown in Figure 3.

It should be also noted that the measured profile of 0.05 wt% particle concentration shown in Figure 4 isin a

good agreement with calculated Mie scattering profile.  This means that an analysis using Mie scattering theory

can be conducted up to such a condition that the calculated distance among adjacent particles is about 130 times

as long as the measured wavelength.
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Figure 4 Scattering profile measurements of 1.0  Figure5 A single scattering profile for the analysis
mm¢ HSOT polymer cylinder. Vertical axis is of multiple scattering corrected by measurement

normalized at 10 degree. Dotted lines indicate the profiles.

A bold line indicates the correction

experimental results, and a solid line is the calcul ated profile, and a thin line indicates a Mie scattering

result by Mie scattering theory. profile.



In spite of the upper limit of particle concentration for Mie scattering theory, most of the HSOT backlights are
of higher particle concentration range from 0.10 to 0.30 wt%. An experimental correction coefficient was made
by the ratio of measured data to 0.05 wt% measured data, which has reproduced the single Mie scattering profile.

The resultant correction single scattering profile is shown in 1o
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modeling simulation are compared to the measurement data as

shown in Figure 6. Notice that a remarkable difference in the
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calculated profile based on Mie scattering theory has greatly 0.4

improved in that based on correction single scattering profile, 0.2

resulting in a very good agreement between the calculated and 0 |
measurement profiles. This means that the multiple scattering 10 15 20 25 30
phenomenon inside the HSOT polymer has been precisely Angle (degree)

reproduced by the multiple scattering modeling simulation based Figure 6 Multiple scattering profiles of

on the correction profile considering the effects of adjaceint ~ 10.0 mm¢ HSOT polymer cylinder. Particle
concentration is 0.10 wt%. Dotted line

particles which is proposed in this papar. indicates the measurement data, bold solid
lines indicate the calculated profiles.

5. Conclusion

In the present work, numerical calculations by the multiple scattering modeling simulation program have
succeeded to reproduce quantitatively the angular dependence of multiple scattering behavior of the HSOT
polymer cylinder. Multiple scattering analysis results have indicated that, due to the effect of adjacent particles
over the observed upper limit concentration for Mie scattering theory, single scattering profiles differ depending
on the particle concentration, in which one may apply the correction single scattering profile. This warrants
future work of the analysis at a number of wavelengths for a new application for lighting of HSOT polymer.
Nonetheless, it is quite noteworthy to say that the improved multiple scattering modeling simulation program
allows us to develop the optimal design method for a new lighting instrument using the HSOT polymer if it is
applied for white light, and also allows us to open the way for the great advantage of using HSOT polymer for

various photonics applications.
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